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A B S T R A C T

Purpose
HLA-mismatched unrelated donor (MMUD) hematopoietic stem-cell transplantation (HSCT) is
associated with increased graft-versus-host disease (GVHD) and impaired survival. In reduced-
intensity conditioning (RIC), neither ex vivo nor in vivo T-cell depletion (eg, antithymocyte
globulin) convincingly improved outcomes. The proteasome inhibitor bortezomib has immu-
nomodulatory properties potentially beneficial for control of GVHD in T-cell-replete HLA-
mismatched transplantation.

Patients and Methods
We conducted a prospective phase I/II trial of a GVHD prophylaxis regimen of short-course
bortezomib, administered once per day on days �1, �4, and �7 after peripheral blood stem-cell
infusion plus standard tacrolimus and methotrexate in patients with hematologic malignancies
undergoing MMUD RIC HSCT. We report outcomes for 45 study patients: 40 (89%) 1-locus and
five (11%) 2-loci mismatches (HLA-A, -B, -C, -DRB1, or -DQB1), with a median of 36.5 months
(range, 17.4 to 59.6 months) follow-up.

Results
The 180-day cumulative incidence of grade 2 to 4 acute GVHD was 22% (95% CI, 11% to 35%).
One-year cumulative incidence of chronic GVHD was 29% (95% CI, 16% to 43%). Two-year
cumulative incidences of nonrelapse mortality (NRM) and relapse were 11% (95% CI, 4% to 22%)
and 38% (95% CI, 24% to 52%), respectively. Two-year progression-free survival and overall
survival were 51% (95% CI, 36% to 64%) and 64% (95% CI, 49% to 76%), respectively.
Bortezomib-treated HLA-mismatched patients experienced rates of NRM, acute and chronic
GVHD, and survival similar to those of contemporaneous HLA-matched RIC HSCT at our
institution. Immune recovery, including CD8� T-cell and natural killer cell reconstitution, was
enhanced with bortezomib.

Conclusion
A novel short-course, bortezomib-based GVHD regimen can abrogate the survival impairment of
MMUD RIC HSCT, can enhance early immune reconstitution, and appears to be suitable for
prospective randomized evaluation.

J Clin Oncol 30:3202-3208. © 2012 by American Society of Clinical Oncology

INTRODUCTION

Impaired survival and graft-versus-host disease
(GVHD) remain significant barriers to allogeneic
hematopoietic stem-cell transplantation (HSCT)
in recipients lacking HLA-matched donors, in
which standard-of-care calcineurin inhibitor
(CNI) – based two-drug GVHD regimens appear
inadequate.1-6 However, in reduced-intensity con-
ditioning (RIC) transplantation, critically depen-
dent on graft-versus-tumor (GVT) effect for cure, in
vivo T-cell antibody–based GVHD prophylaxis (eg,

antithymocyte globulin) can also impair survival.7

Novel T-cell-replete GVHD regimens would be of
considerable utility.

The proteasome inhibitor bortezomib has im-
munomodulatory properties with the ability to
selectively deplete proliferating alloreactive T lym-
phocytes, reduce T-helper Type 1 cytokines, and
block antigen presenting cell activation.8,9 Bort-
ezomib may also spare regulatory T cells (Treg) that
may be relevant in GVHD control.10 We and others
have shown that it can control GVHD in major
histocompatibility complex–mismatched mouse
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HSCT while maintaining therapeutic GVT responses.11-13 Of note
however, delayed or prolonged bortezomib administration can in-
duce severe colonic toxicity in mice.12

We undertook a phase I/II trial to evaluate a bortezomib-based
regimen for controlling GVHD after HLA-mismatched unrelated do-
nor (MMUD) RIC HSCT. In the phase I segment, we documented
minimal toxicity and preliminary evidence for acute GVHD control.14

We now report complete phase I/II results. We also compare the
clinical and immune reconstitution data of bortezomib-MMUD
transplantation with HLA-matched RIC HSCT.

PATIENTS AND METHODS

This prospective clinical trial was approved by the institutional review board of
the Dana-Farber Cancer Institute/Harvard Cancer Center. Written informed
consent was obtained before patient enrollment.

Inclusion and Exclusion Criteria

For the phase I/II clinical trial, patients with hematologic malignancies
who did not have an HLA-matched donor available received MMUD grafts
with one to two antigen/allele mismatches at HLA-A, -B, -C, or -DQB1 or a
one to two antigen/allele mismatch at HLA-DRB1 or -DQB1. Patients with
HIV infection, active hepatitis B or C, abnormal renal (serum creatinine � 2
mg/dL) or liver function (serum total bilirubin � 2 mg/dL, serum ALT � 90
U/L), Eastern Cooperative Oncology Group (ECOG) performance status
more than 2, or peripheral neuropathy grade � 2 within 21 days before
transplantation were excluded. Transplantation time period was 2006 to 2010.
RIC comprised fludarabine 30 mg/m2 intravenously (IV) and busulfan 0.8
mg/kg IV on days �5, �4, �3, and �2. The donor target peripheral blood
stem-cell (PBSC) dose was � 5 � 106 CD34� cells/kg. GVHD prophylaxis
comprised tacrolimus 0.05 mg/kg orally twice daily to achieve a target serum
level of 5 to 10 ng/mL starting on day �3; methotrexate 5 mg/m2 IV on days
�1, �3, �6, and �11; and bortezomib dose levels of 1, 1.3, or 1.5 mg/m2 IV
administered on days �1, �4, and �7, in accordance with the standard
72-hour bortezomib dosing interval. Tacrolimus taper commenced after 9
weeks, with the goal of having the patient no longer receiving immune sup-
pression by 6 months in the absence of GVHD. In the phase I portion of the
study, we identified the maximum-tolerated dose (MTD) for bortezomib as
1.3 mg/m2.14 In phase II, efficacy was further assessed in 30 evaluable patients
enrolled at the MTD. Eligibility criteria for phases I and II were identical, and
outcomes were similar. We report the results of 45 patients in combined
phases I and II.

Contemporaneous Comparison Cohort

Clinical outcomes were obtained for 176 consecutive RIC HSCT patients
who received HLA-A, -B, -C, or -DRB1 matched unrelated donor (MUD)
PBSC grafts and who received transplantations in 2006 to 2010, with
sirolimus-based GVHD prophylaxis. In addition, immune reconstitution data
were available for 139 consecutive MUD RIC HSCT patients who had trans-
plantations from 2002 to 2008 with sirolimus-based GVHD prophylaxis.
Transplantation eligibility criteria were similar for both groups. RIC com-
prised fludarabine 30 mg/m2 IV and busulfan 0.8 mg/kg IV once or twice daily
on days �5, �4, �3, and �2. The donor target PBSC dose was � 5 � 106

CD34� cells/kg. GVHD prophylaxis comprised tacrolimus 0.05 mg/kg orally
twice daily to attain a target serum level of 5 to 10 ng/mL starting on day �3;
methotrexate 5 mg/m2 IV on days �1, �3, �6, and �11; and sirolimus 12-mg
loading dose and 4 mg daily thereafter to attain a target serum level of 5 to 10
ng/mL, starting on day �3. Tacrolimus and sirolimus taper were initiated
around week 9 after RIC HSCT, with the goal of having the patient no longer
receiving immune suppression by 6 months in the absence of GVHD.

Supportive Care

All patients received filgrastim at 5 �g/kg daily from day �1 until an
absolute neutrophil count (ANC) of more than 1,000/�L was attained, with at

least 12 months of Pneumocystis jiroveci and herpes simplex virus/varicella
zoster virus prophylaxis. Antifungal prophylaxis was not routine.

Immune Reconstitution Assays

CD4� T cells were defined as CD3�CD4�, CD8� T cells as CD3�CD8�,
Treg cells as CD3�CD4�CD25med-highCD127low, natural killer (NK) cells as
CD56�CD3�, NK T cells as CD56�CD3�, and B cells as CD19�. Fifty micro-
liters of whole blood (15% EDTA) in 5-mL polystyrene round-bottom reac-
tion tubes was incubated with fluorophore-conjugated monoclonal
antibodies: anti-CD3 V450 (clone UCHT1; BD Biosciences, Sparks, MD),
anti-CD4 APC-H7 (clone RPA-T4; BD Biosciences), anti-CD8 Pacific Orange
(clone 3B5; Invitrogen, Grand Island, NY), anti-CD25 PE-Cy7 (clone
M-A251; BD Biosciences), anti-CD127 PE-Cy5 (clone eBioRDR5; eBiosci-
ence, San Diego, CA) for T-cell subsets, anti-CD56 PE (clone B159; BD
Biosciences), anti-CD3 V450 (clone UCHT1; BD Biosciences) for NK
cells/NK T cells, and anti-CD19 activated protein C (clone HIB19; BD Biosci-
ences) for B cells. RBC lysis with 500 �L 1�BD Pharm Lyse followed. Immune
reconstitution flow cytometry analysis used an FACSCanto II flow cytometer
(BD Bioscience) and FACSDiva software (BD Biosciences).

Statistical Considerations

Neutrophil and platelet engraftment were assessed by the number of days
to ANC � 500 cells/�L and platelet count � 20,000/�L, respectively, in the
absence of transfusions, among patients who experienced a neutrophil or
platelet nadir (ANC � 500 cells/�L; platelets � 20,000/�L) after condition-
ing. Acute GVHD was graded by using the consensus grading system.15

Progression-free survival (PFS) was measured from the date of transplantation
to disease relapse/progression, death, or last contact. Overall survival (OS) was
measured from the date of transplantation to death from any cause. PFS and
OS were estimated by the Kaplan-Meier method. The cumulative incidence of
acute and chronic GVHD was estimated with relapse and death as competing
events (ie, GVHD that developed in the context of malignant relapse necessi-
tating taper of immunosuppression counted as relapse) and were compared by
using the Gray test.16 The cumulative incidence of nonrelapse mortality
(NRM) and relapse were also estimated by considering these two events as
competing risks. Comparisons were made of immune reconstitution data
between groups by using a Wilcoxon rank sum test at each time point. All
testing was two-sided at the significance level of 0.05, and multiple compari-
sons were not adjusted. The analyses were conducted by using SAS version 9.2
(SAS Institute, Cary, NC) and R version 2.11.1 (R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS

Study Cohort

Forty-five patients were enrolled onto the phase I/II study. Base-
line characteristics are presented in Table 1. The median age for pa-
tients was 59 years (range, 26 to 72 years); 36 patients (80%) were older
than age 50 years. Forty patients (89%) received 1-locus and five
patients (11%) received 2-locus HLA-mismatched grafts. The median
follow-up of survivors was 36.5 months (range, 17.4 to 59.6 months).

Only 20 patients experienced a neutrophil nadir, with a median
engraftment time of 13 days (range, 6 to 29 days). Only 21 patients
experienced a platelet nadir, with a median engraftment time of 20
days (range, 13 to 27 days). One patient died of intracranial hemor-
rhage during transfusion-refractory thrombocytopenia before en-
graftment. At the 1.5-mg/m2 bortezomib dose level, two patients had
low donor chimerism by day �45, defined a priori as dose-limiting
toxicity.14 One patient with chronic lymphocytic leukemia had 0%
donor chimerism and persistent leukemia post-transplantation, and
another patient with untreated myeloproliferative disease also experi-
enced engraftment failure. Subsequent accrual was at bortezomib
MTD of 1.3 mg/m2.
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Nonhematologic toxicity was limited. There were seven episodes
of Common Toxicity Criteria (CTC) grade 3 or 4 toxicity by day �45.
One patient each had febrile neutropenia (grade 3), parainfluenza
sinusitis (grade 3), cerebrovascular accident with paresthesias (grade

3), hyperglycemia (grade 3), deep venous thrombosis/pulmonary em-
bolus (grade 3), or Clostridium difficile diarrhea (grade 3) plus
coagulase-negative staphylococcal bacteremia (grade 3). These were
deemed to be not attributable to bortezomib by the treating physician.

Median total donor cell chimerism in patients who did not expe-
rience failure to engraft or relapse or death before assessment was 97%
(range, 66% to 100%; n � 37), 99% (range, 54% to 100%; n � 35),
and 99% (range, 47% to 100%; n � 20) at days �30, �100, and �180,
respectively (chimerism assays were not mandatory beyond day 100;
Fig 1A). Four patients without disease relapse/progression did not
sustain donor chimerism at � 70% through day �100: two subse-
quently achieved full donor chimerism, and two underwent salvage
transplantation for late graft failure.

Eight patients died without disease relapse/progression, a
2-year cumulative incidence of NRM of 11% (95% CI, 4% to 22%;
Fig 1B). Disease relapse/progression was observed in 17 patients, a
2-year cumulative incidence of 38% (95% CI, 24% to 52%; Fig 1B).
Grade 2 to 4 acute GVHD occurred in 10 patients, with a median
time to onset of 32 days (range, 21 to 106 days) and a 180-day
cumulative incidence of 22% (95% CI, 11% to 35%; Fig 1C). Three
patients had grade 3 acute GVHD (none had grade 4 acute GVHD),
with a 180-day cumulative incidence of 7% (95% CI, 2% to 17%).
Chronic GVHD occurred in 16 patients, with a median time to
onset of 237 days (range, 115 to 796 days) and a 1-year cumulative
incidence of 29% (95% CI, 16% to 43%; Fig 1D). Of these, four had
limited and 12 had extensive chronic GVHD, with 1-year cumula-
tive incidences of 10% (95% CI, 3% to 21%) and 20% (95% CI,
10% to 33%), respectively. The 2-year OS and PFS were 64% (95%
CI, 49% to 76%) and 51% (95% CI, 36% to 64%), respectively (Fig
1E). Clinical outcomes of 18 patients with HLA-C locus mis-
matches versus the 27 patients with mismatches at other loci were
similar with regard to end points of NRM (P � .94), relapse (P � .91),
acute GVHD (P � .13) and chronic GVHD (P � 0.30), PFS (P � .99),
or OS (P � .87; Fig 1F).

Comparison With MUD RIC Transplantation

The outcomes of 45 bortezomib-based MMUD (bortezomib-
MMUD) RIC transplantations were compared with those in a con-
temporaneous cohort of 176 consecutive sirolimus-based MUD
(sirolimus-MUD) patients who received transplantations from 2006
to 2010 with similar busulfan/fludarabine RIC, PBSC grafts, and
GVHD prophylaxis based on a backbone of tacrolimus and metho-
trexate. They differed in the use of additional GVHD agent (bort-
ezomib v sirolimus) and in the degree of HLA-match (MMUD v
MUD). The cohorts did not differ regarding patient or donor age, sex,
donor-recipient sex match, disease, disease risk, prior autologous
transplantation, cytomegalovirus (CMV) serostatus, and median
follow-up duration (Appendix Table A1, online only).

The bortezomib-MMUD and sirolimus-MUD RIC HSCT co-
horts had similar clinical outcomes. There was no difference in OS,
PFS, NRM, or grade 2 to 4 acute GVHD, with a marginally lower
relapse incidence for the bortezomib-MMUD cohort compared with
the sirolimus-MUD cohort (2-year cumulative incidence of 38% v
53%, respectively; P � .09; Table 2). The 1-year cumulative incidence
of chronic GVHD was 29% (95% CI, 16% to 43%) for the
bortezomib-MMUD versus 38% (95% CI, 31% to 46%) for the
sirolimus-MUD cohort (P � .29).

Table 1. Patient and Graft Characteristics of the Bortezomib-MMUD
Study Patients

Characteristic
No. of Patients

(n � 45) %

Patient age, years
Median 59
Range 26-72

Donor age, years
Median 35
Range 20-65

Female sex 21 47
Patient-donor sex match

F-F 13 29
F-M 8 18
M-F 7 16
M-M 17 38

HLA typing
Mismatched HLA-A only 12 27
Mismatched HLA-B only 10 22
Mismatched HLA-B and C 4 9
Mismatched HLA-C only 14 31
Mismatched HLA-DQB1 only 2 4
Mismatched HLA-DRB1 only 2 4
Mismatched HLA-DRB1 and DQB1 1 2
1-Antigen mismatched 28 62
2-Antigen mismatched 3 7
1-Allele mismatched 12 27
2-Allele mismatched 1 2
1-Antigen and 1-allele mismatched 1 2
Mismatched class I 40 89
Mismatched class II 5 11

Disease status at transplant
First CR/chronic phase 16 36
Second or later CR/chronic phase 3 7
Third or later CR/chronic phase 1 2
PR or accelerated phase 19 42
Relapse or blastic phase 2 4
Induction failure 1 2
Untreated 3 7

Diagnosis
AML 14 31
NHL 11 24
CLL/SLL/PLL 8 18
HL 4 9
MDS 4 9
ALL 2 4
MPD� 2 4

High-risk disease† 30 67
Patient or donor CMV positive 31 69
Prior transplantation 8 18

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid
leukemia; CLL, chronic lymphocytic leukemia; CML, chronic myeloid leuke-
mia; CMV, cytomegalovirus; CR, complete response; F, female; HL, Hodgkin’s
lymphoma; M, male; MDS, myelodysplastic syndromes; MMUD, mismatched
unrelated donor; MPD, myeloproliferative disease; NHL, non-Hodgkin’s lym-
phoma; PLL, prolymphocytic leukemia; PR, partial response; SLL, small
lymphocytic lymphoma.

�The protocol was subsequently amended to exclude patients with MPD.
†Patients other than those with AML or ALL in first CR, CML in chronic

phase, aplastic anemia, MDS with refractory anemia, or refractory anemia
with ringed sideroblasts.
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Comparison of Immune Reconstitution in

Both Cohorts

Bortezomib-MMUD RIC HSCT was compared with 139
sirolimus-MUD RIC transplantations with available immune re-
constitution data. Having received transplantations from 2002 to
2008, the sirolimus-MUD cohort was otherwise similar with regard
to busulfan/fludarabine-based RIC, PBSC grafts, and GVHD pro-

phylaxis based on a backbone of tacrolimus and methotrexate. The
cohorts differed with respect to use of bortezomib versus sirolimus
and the degree of HLA-mismatch (MMUD v MUD). Pretransplan-
tation immune parameters were similar between the cohorts.

No immunologic reconstitution parameter was impaired
for bortezomib-MMUD compared with sirolimus-MUD RIC
HSCT. Indeed, immune reconstitution was more rapid in the
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Fig 1. Bortezomib–mismatched unrelated donor reduced-intensity conditioning hematopoietic stem-cell transplantation. (A) Sustained total donor chimerism at days
30, 100, and 180 after transplantation in patients initially engrafted and without evidence of disease relapse/progression. Triangles indicate patients without sustained
donor engraftment (� 70% total donor cell chimerism). Of note, donor chimerism analysis was not mandated beyond day 100. (B) Cumulative incidence of nonrelapse
mortality (NRM; with relapse/progression as a competing event) and relapse/progression (with death as a competing event). (C) Cumulative incidence of grade 2 to 4
acute graft-versus-host disease (aGVHD) and grade 3 to 4 aGVHD (with relapse/progression and death as competing events). (D) Cumulative incidence of chronic GVHD
(cGVHD; with relapse/progression and death as competing events). (E) Overall and progression-free survival. (F) Overall survival for HLA-C mismatched and non–HLA-C
mismatched transplantation.
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bortezomib-MMUD cohort. Median peripheral WBC count was
higher in the bortezomib-MMUD cohort (5.6 � 103 cells/L) versus
the sirolimus-MUD cohort (3.7 � 103 cells/L [P � .001]) at 2
months post-transplantation. Median absolute lymphocyte count
at 2 and 3 months post-transplantation was approximately two-
fold higher in the bortezomib-MMUD cohort (1,232 and 1,368
cells/L, respectively) versus the sirolimus-MUD cohort (629 cells/L
[P � .001] and 630 cells/L [P � .001], respectively), and it re-
mained increased at 6 months post-transplantation (1,253 v 864
cells/�L [P � .03]).

With regard to immune subsets, median total CD3� T-cell count
at 2 and 3 months post-transplantation was approximately two-fold
higher in the bortezomib-MMUD cohort (630 and 756 cells/L, re-
spectively) versus the sirolimus-MUD cohort (331 cells/L [P � .001]
and 386 cells/L [P� .001], respectively; Fig 2A). This was because of an
approximately three-fold higher median CD8 T-cell count at 2 and 3
months post-transplantation in the bortezomib-MMUD cohort (302
and 379 cells/L, respectively) versus the sirolimus-MUD cohort (97
cells/L [P � .001] and 101 cells/L [P � .001], respectively; Fig 2B). In
contrast, CD4 T-cell reconstitution was similar (Fig 2C). In addition,
the median CD5616 NK-cell count at 1, 2, and 3 months after trans-
plantation was approximately two-fold higher in the bortezomib-
MMUD cohort (120, 141, and 111 cells/L, respectively) compared
with the sirolimus-MUD cohort (69 cells/L [P � .003], 78 cells/L
[P � .005], and 73 cells/�L [P � .004], respectively; Fig 2E). No
difference was noted in median B-cell, NK–T-cell, or Treg-cell recon-
stitution between cohorts (data not shown).

DISCUSSION

GVHD remains a major cause of morbidity and mortality after unre-
lated donor HSCT, especially in the HLA-mismatched setting, in
which it is associated with higher NRM and impaired survival. There
remains a great need for better prophylaxis regimens that can mini-

mize GVHD without compromising GVT effect. GVHD regimens
that improve HLA-mismatched transplantation outcomes would
be a major advance and would likely also offer efficacy in HLA-
matched transplantation.

T-cell depletion can control GVHD but may be associated
with impaired immune reconstitution, increased graft rejection,
infections, lymphoproliferative disease, and relapse.17 In RIC
transplantation, in which success is critically dependent on immu-
nologic GVT effect, even in vivo T-cell depletion with antithymo-
cyte globulin or alemtuzumab can impair survival.7 In T-replete
HLA-mismatched transplantation, usual GVHD prophylaxis regi-
mens also appear inadequate.

For instance, we documented a 46% rate of grade 2 to 4 acute
GVHD after CNI plus prednisone or CNI plus methotrexate pro-
phylaxis in 52 patients with RIC HSCT mismatched at one or more
HLA loci.18 Moreover, HLA-C antigen mismatch was associated
with increased NRM (48% v 16%; P � .001) and worse 2-year OS
(30% v 51%; P � .008) compared with HLA-matched RIC trans-
plantation.4 A registry analysis also documented increased mortal-
ity in T-replete HLA-C antigen mismatched RIC HSCT (relative
risk, 1.40; 95% CI, 1.01 to 1.95; P � .04).6 In a prospective phase
I/II study of 1- to 2-loci HLA-mismatched RIC HSCT, CNI plus
mycophenolate mofetil prophylaxis also appeared inadequate,
with a grade 2 to 4 acute GVHD rate of 69%, NRM rate of 47%, and
2-year OS of only 29%.5

Given its immunomodulatory properties, we prospectively eval-
uated a GVHD regimen of short-course bortezomib plus CNI and
methotrexate. Bortezomib, limited to three doses early after trans-
plantation (on days �1, �4, and �7) appears to have little systemic
toxicity. No patients developed toxicities that were associated with
more prolonged bortezomib therapy (eg, neuropathy, colonic necro-
sis). Treatment-related toxicity after bortezomib-based HLA-
mismatched RIC HSCT is in the range previously reported for
HLA-matched transplantation.

Table 2. Clinical Outcome Comparison of Bortezomib-MMUD and Sirolimus-MUD Cohorts

Outcome

Bortezomib-MMUD
(n � 45)

Sirolimus-MUD
(n � 176)

P% 95% CI % 95% CI

Cumulative incidence of:
1-year NRM 9 3 to 19 7 4 to 11
2-year NRM 11 4 to 22 8 4 to 13 .29
1-year relapse 31 18 to 45 46 39 to 54
2-year relapse 38 24 to 52 53 45 to 61 .09
180-day grade 2 to 4 acute GVHD 22 11 to 35 11 7 to 16 .12
1-year chronic GVHD 29 16 to 43 38 31 to 46 .28

PFS
1-year 60 44 to 73 47 39 to 54
2-year 51 36 to 64 39 31 to 46 .24

OS
1-year 76 60 to 86 64 56 to 70
2-year 64 49 to 76 55 47 to 63 .24

NOTE. The cohorts received similar busulfan/fludarabine-based reduced-intensity conditioning, peripheral blood stem-cell grafts, and GVHD prophylaxis based on a
backbone of tacrolimus and methotrexate. They differed in the use of additional GVHD agent (bortezomib v sirolimus) and in the degree of HLA-match (MMUD v MUD).
Pre-transplantation variables were not different between the cohorts.

Abbreviations: GVHD, graft-versus-host disease; MUD, matched unrelated donor; MMUD, mismatched unrelated donor; NRM, nonrelapse mortality; OS, overall
survival; PFS, progression-free survival.
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The bortezomib-based regimen appears efficacious, with a 180-
day cumulative incidence of grade 2 to 4 acute GVHD of 22%, which
is in the range reported for HLA-matched transplantation.4 More-
over, MMUD transplantation survival appears better than that previ-
ously reported. For instance, 2-year OS at 64% appears better than the
30% survival we documented in HLA-C mismatched transplantation
by similarly using PBSC and busulfan/fludarabine RIC, or the 29%
survival prospectively reported for 1- to 2-loci HLA-mismatched
transplantation by using PBSC and fludarabine/total body irradiation
RIC.4,5 Importantly, bortezomib-MMUD transplantation outcomes
of HLA-C mismatch were not different from mismatch at other loci.
However, CNI-based, two-drug regimens may not represent an ade-
quate standard of care in the context of T-replete HLA-mismatched
transplantation, and improvements in supportive care in recent years
also need to be considered.

Sirolimus is an immunosuppressive agent that we and others
have used in allogeneic HSCT over the past decade.19 To place our
findings in context, we therefore compared bortezomib-MMUD with
a contemporaneous MUD HSCT cohort receiving similar busulfan/
fludarabine RIC, a T-replete PBSC graft, and GVHD prophylaxis
based on a backbone of CNI and methotrexate (plus sirolimus). The
sirolimus-based cohorts were similar to the bortezomib-based cohort
in patient and disease parameters, except that HLA-mismatch was
greater in the bortezomib-based cohort. We document that

bortezomib-MMUD and sirolimus-MUD cohorts had similar clinical
outcomes regarding acute and chronic GVHD, NRM, relapse,
and survival.

Another important measure is immunologic reconstitution, for
which we also compared bortezomib-MMUD and sirolimus-MUD
cohorts. Although the clinical relevance of the differences remains to
be determined, it is notable that no measure of immune recovery
appeared impaired in the bortezomib-MMUD cohort compared with
sirolimus-based MUD transplantation. Although more rapid im-
mune reconstitution in the bortezomib-MMUD cohort did not trans-
late into better NRM compared with sirolimus-MUD transplantation,
it did appear to abrogate the high NRM previously described in
MMUD RIC transplantation.

Although these clinical and immunologic results are encour-
aging, we caution that retrospective comparisons have inherent
limitations, being subject to bias and confounding, even in appar-
ently well-matched cohorts such as those we have already described.
However, they are useful in a hypothesis-generating context,
hereby providing support for prospective randomized evaluation
of bortezomib-based GVHD prophylaxis.

In conclusion, short-course, bortezomib-based GVHD prophy-
laxis appears safe and efficacious in HLA-mismatched RIC transplan-
tation, with encouraging survival. Importantly, bortezomib-based
MMUD transplantation achieved clinical outcomes comparable to
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HLA-matched transplantation, along with enhancement of various
immune reconstitution parameters. Bortezomib appears to be an
active immunomodulator in allogeneic HSCT and a candidate for
prospective randomized evaluation. We are also evaluating the role of
short-course bortezomib in the context of myeloablative conditioning
for both HLA-matched and mismatched transplantation.
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